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Plasmodium falciparum Infection of Human Volunteers Activates
Monocytes and CD16 Dendritic Cells and Induces Upregulation
of CD16 and CD1c Expression
Anne C. Teirlinck,a* Meta Roestenberg,a* Else M. Bijker,a* Stephen L. Hoffman,b Robert W. Sauerwein,a Anja Scholzena
Radboud University Medical Center, Department of Medical Microbiology, Nijmegen, The Netherlandsa; Sanaria Inc., Rockville, Maryland, USAb
Antigen-presenting cells (APCs) are key players in the induction and regulation of immune responses. In Plasmodium falcipa-
rummalaria, determination of which cells and pathways are activated in the network of APCs remains elusive. We therefore in-
vestigated the effects of a controlled humanmalaria infection in healthy, malaria-naive volunteers on the subset composition
and activation status of dendritic cells (DCs) andmonocytes. While subsets of monocytes increased in frequency during blood-
stage infection, DC frequencies remained largely stable. Activationmarkers classically associated with peptide presentation to
and priming ofT cells, HLA-DR and CD86, were upregulated in monocytes and inflammatory CD16myeloid DCs (mDCs)
but not in the classical CD1c, BDCA2, or BDCA3 DC subsets. In addition, these activated APC subsets showed increased expres-
sion of CD1c, which is involved in glycolipid antigen presentation, and of the immune complex binding Fc receptor III (CD16).
Our data show that P. falciparum asexual parasites do not activate classical DC subsets but instead activate mainly monocytes
and inflammatory CD16mDCs and appear to prime alternative activation pathways via induction of CD16 and/or CD1c.
Changes in expression of these surface molecules might increase antigen capture and enhance glycolipid antigen presentation in
addition to the classical major histocompatibility complex class II (MHC-II) peptide presentation and thereby contribute to the
initiation of T-cell responses in malaria. (This study has been registered at Clinicaltrials.gov under registration no.
NCT01086917.)
Infection with the malaria parasite Plasmodium falciparumcauses severe morbidity and mortality worldwide, especially in
sub-Saharan Africa (1). Dendritic cells (DCs) are dedicated anti-
gen-presenting cells (APCs) that orchestrate the immune system
and are among the first immune cells to encounter the parasite
after its inoculation into the skin by infected mosquitoes. Differ-
ent DC subsets have been described, some being derived from or
related to monocytes. Myeloid DCs (mDCs) are defined by the
expression of CD1c (BDCA-1), CD141 (BDCA-3), or CD16 (Fc
receptor III), while the marker for plasmacytoid DCs (pDCs) is
CD303 (BDCA-2) (2–4).
Previous studies investigating the effect of P. falciparum expo-
sure on DCs have shown somewhat contradictory results. In gen-
eral, DC function is considered to be impaired during acute ma-
laria, leading to immune tolerance (5, 6), based on a variety of
definitions of impairment related to DC frequency (7), antigen
uptake (8), viability (8), major histocompatibility complex class II
(MHC-II) and costimulatory molecule expression (7, 9–11), and
cytokine production (10, 11). In murine models, cross-presenta-
tion (12) and the ability to form stable interactions with T cells
(13) were shown to be impaired in DCs that were exposed to P.
berghei or P. chabaudi. In in vitro experiments, the effects of P.
falciparum blood-stage parasites on DCs are dependent on the
parasite dose used (11, 14), while differential results in studies of
natural infections may be explained by ethnicity (15) and age
and/or previous exposure (7).
Of note, the vast majority of studies have focused on classical
DC subsets and classical markers of DC activation, while inflam-
matory mDCs expressing Fc receptor III (CD16) (3) during ma-
laria infection have to our knowledge been included in the analysis
of DC subsets in only two studies (15, 16). Moreover, we previ-
ously established that duringmalaria, monocytes and DC subsets,
in particular CD16 CD14 inflammatory DCs, increase surface
B-cell activating factor (BAFF) expression and thus might poten-
tially facilitate B-cell responses (17). Although BAFF production
alone cannot be used as a marker for normal APC function or
activation, this adds to the hypothesis that APCs are not impaired
by a malaria infection per se but might merely gain alternative
functions. In addition to HLA-peptide recognition, protection
against malaria is associated with T cells expressing invariant
T-cell receptors, which can be activated by lipid-presenting mol-
ecules of the CD1 family (18, 19). Antigen uptake for presentation
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is further mediated not only by endocytosis, as examined previ-
ously (8, 16), but also, for instance, by phagocytosis of immune
complex-associated antigens, which can be facilitated by the
FcIII receptor CD16 (20).
Here, we took advantage of the controlled human malaria in-
fection (CHMI) model, which provides an ideal condition to
study human immune cells after a first in vivo exposure to P.
falciparum at defined time points postinfection, to investigate par-
asite-mediated classical activation as well as potential changes in
CD1c and CD16 expression across DC and monocyte subsets in
human volunteers.
MATERIALS AND METHODS
Study subjects and controlled humanmalaria infection. Eighteen adult
malaria-naive Dutch volunteers were exposed to a CHMI at the Radboud
UniversityMedical Center (21). This phase I clinical trial was approved by
the Central Committee for Research Involving Human Subjects of The
Netherlands (CCMO NL31858.091.10) and has been registered at Clini-
caltrials.gov (NCT01086917). All volunteers provided written informed
consent. Infection was initiated by intradermal injection of 2,500, 10,000,
or 25,000 (n 6 per group) cryopreservedP. falciparumNF54 sporozoites
(PfSPZ Challenge) (21). Volunteers were monitored daily for symptoms
and signs of infection and hematological and biochemical parameters
during outpatient clinical visits beginning 5 days after inoculation of Pf-
SPZ Challenge. As soon as parasites were detected by microscopic exam-
ination of thick blood smears (TS), volunteers were treated with atova-
quone and proguanil (1,000 and 400 mg per day, respectively) for 3 days.
Cure was confirmed by results showing two consecutive parasite-negative
blood slides. Volunteers who did not develop parasitemia by day 21 after
challenge were presumptively treated with the same regimen. Fifteen vol-
unteers developed TS-detectable parasitemia. Neither the prepatent pe-
riod results determined by quantitative PCR nor the TS or peak parasite
densities differed between the three groups. Therefore, all TS-positive
(TS) volunteerswere analyzed as one group. Three volunteers remaining
TS after CHMI were analyzed in parallel. Those volunteers displayed no
changes inAPC subset frequency or activationmarker expression at any of
the time points analyzed (see Fig. S1 in the supplemental material).
PBMC isolation, cryopreservation, and staining. Peripheral blood
mononuclear cells (PBMCs) were collected the day before challenge in-
fection (C1), during liver-stage infection (C5) and early blood-stage
infection (C7 andC9), at the time of thick-smear positivity just prior
to drug treatment (day of treatment [DT]), 3 days after the day of treat-
ment (DT 3), and after convalescence (C 35 and C 140). PBMCs
were isolated and cryopreserved as described previously (17). Phenotypic
analyses of the sequential PBMC samples were conducted simultaneously
for each individual donor to avoid day-to-day interexperimental varia-
tion. Following thawing and washing in phosphate-buffered saline (PBS),
1,000,000 cells/well were incubated in 96-well v-bottom plates with LIVE/
DEAD-fixable dead-cell Aqua stain (Invitrogen)–PBS for 30 min on ice.
Cells werewashed twicewith staining buffer (PBS containing 0.5%bovine
serum albumin [Sigma]) and stained for 30 min on ice with BDCA-1
(CD1c) fluorescein isothiocyanate (FITC) (AD5 to 8E7), BDCA-2 biotin
(AC144), and BDCA-3 allophycocyanin (AD5 to 14H12) (all Miltenyi)
and with CD16 phycoerythrin (PE) (3G8), CD3 peridinin chlorophyll
protein (PerCP)-Cy5.5 (UCHT1), CD19 PerCP-Cy5.5 (HIB19), CD56
PerCP-Cy5.5 (HCD56), HLA-DR APC-Cy7 (L243), CD14 PeCy7
(HCD14), and CD86 PacBlue (IT2.2) (all BioLegend). Secondary-surface
staining was performed with ECD (Beckman Coulter). Cells were kept in
PBS–1%paraformaldehyde on ice until analyzed. Acquisition of 50,000 to
200,000 events per sample was performed using an ADP 9-color flow
cytometer (Dako/Beckman Coulter). Data were analyzed using FlowJo
v9.6 software. HLA-DR and CD3 CD19 CD56 APCs were subdivided
into classical monocytes (CD14 CD16) and intermediate monocytes
(CD14 CD16) and four CD14 DC subsets based on expression of
CD16 (CD16 mDCs), CD1c (type 1 mDCs or BDCA-1 DCs), BDCA-3
(type 2 mDCs), and BDCA-2 (pDCs) (Fig. 1).
Statistical analysis. Statistical analysis was performed using GraphPad
Prism v5. Cell counts and frequencies and surface marker expression
(geometricmean fluorescence intensity [MFI]) were analyzed by repeated
measures of one-way analysis of variance (ANOVA) with Dunnett’s post
hoc test to compare data from all time points to the C 1 baseline data.
The majority of data were normally distributed as determined by the
D’Agostino-Pearson omnibus normality test. The correlation between
peak parasitemia and immunological outcome was tested using Pearson’s
correlation and log-transferred data for parasitemia. Statistical tests were
performed for volunteers (n  15) at all time points except for the DT
because values were missing for three volunteers at that time point.
Changes on the DT were therefore calculated for only 12 volunteers, but
all other time points were taken into account for themultiple-comparison
corrections.
RESULTS AND DISCUSSION
Upregulation of classical activation markers during CHMI is
restricted to monocytes and CD16 mDCs. During blood-stage
parasitemia, absolute leukocyte and lymphocyte counts (17), as
well as combined monocyte and lymphocyte counts (see Fig. S2A
in the supplemental material), decreased to their nadirs 3 days
after treatment (DT3) (P 0.001). Assessments of APC subset
proportions within the PBMC compartment for the 15 volunteers
who were infected after intradermal injection of P. falciparum
sporozoites (21) showed that no changes in DC and monocyte
frequencies were evident during liver-stage infection and early
blood-stage infection (C 5, C 7, and C 9) (Fig. 2A), except
for a slight increase in the pDC frequency at C 9 (P  0.01).
Upon reaching detectable blood-stage parasitemia and after treat-
ment, monocytes increased in frequency: classical monocytes
peaked on theDT (P 0.001) and intermediatemonocytes onDT
3 (P 0.001). Such transient increases inmonocyte frequencies
during acute infection that resolve after treatment have also been
observed in P. vivax-infected patients (22). While pDC levels re-
mained slightly increased on DT3 (P 0.01), BDCA-3 mDCs
showed a significant decrease in frequency on the DT (P 0.001)
and at DT3 (P 0.01). At C35, monocyte and DC frequen-
cies had recovered to baseline values. The frequency of CD16
mDCs did not change during infection but showed a slight de-
crease on C 35 compared to baseline (P  0.01) which was
recovered onC140. Absolute numbers of classicalmonocytes as
well as of CD1c and BDCA3 mDCs showed a significant drop 3
days after treatment, while the numbers of intermediate mono-
cytes increased and the numbers of CD16 mDCs remained stable
(see Fig. S2B in the supplemental material).
We next assessed the activation status of APCs (Fig. 2B and C).
In both classical and intermediate monocytes, expression of the
peptide antigen-presenting molecule HLA-DR significantly in-
creased during blood-stage infection (P 0.001 at theDT andDT
3) and the costimulatory molecule CD86 was significantly up-
regulated at DT 3 (P  0.001). Activation appeared slightly
stronger in the CD14 CD16 intermediate monocyte subset
than in the classical CD14 CD16 monocytes, which is in line
with a previous study on monocytes in P. vivax infection (22).
Among the DCs, the CD1c, BDCA-2, and BDCA-3 DCs did not
upregulate expression ofHLA-DRorCD86during parasitemia. In
contrast, CD16 mDCs showed a significant increase of HLA-DR
andCD86 expression at DT3 (P 0.01). Of note, we previously
found that, together with classical and intermediate monocytes,
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CD16CD14 inflammatory DCs were also the main BAFF-pro-
ducing APC subset during CHMI, showingmuch stronger induc-
tion of surface BAFF than the only other BAFF-producing DC
subset, namely, classical CD1c mDCs (17). These data are sugges-
tive of a functional distinction betweenCD16mDCs and the other
DC subsets.
Data on inflammatory CD16 mDCs in naturally exposed indi-
viduals are sparse and controversial. Similarly to our findings, a
study in Mali that examined only the proportions of CD16 mDC
found no difference between infected and uninfected individuals
(15). In contrast, a field study in Papuan adults showed a reduc-
tion in absolute numbers of circulating CD16 mDCs in acute P.
falciparum malaria (16). Finally, levels of CD16hi CD14lo mono-
cytes were found to be elevated in malaria-infected compared to
uninfected individuals in aMalawian cohort (23), but it is unclear
how far this subset overlaps the CD14 CD16 intermediate/in-
flammatory monocytes or the CD14 CD16 mDCs examined
here. Whether malaria infection was associated with increased or
decreased phenotypic activation in the different DC subsets de-
pended verymuch on ethnicity in theMalian study. In both ethnic
cohorts, however, CD16mDCs showed reducedHLA-DR expres-
sion. In line with this, HLA-DR expression on CD16 CD14lo
monocytes increased upon curative treatment ofP. vivax infection
(22). On the other hand, CD16 CD14lo monocytes in these P.
vivax-infected patients showed the highest levels of tumor necro-
sis factor alpha (TNF-) and interleukin-6 (IL-6) transcription,
indicating an activated status of these cells (22). Further studies
are needed to resolve these discrepancies, which might also relate
to the degree of parasitemia. Moreover, future studies should in-
vestigate whether these CD16 mDCs might be constituted of
so-called 6-sulfo LacNAc dendritic cells (slanDCs), an inflam-
matory DC type with unique capacities in immune complex-as-
sociated antigen capture, T-cell priming, and antibody-dependent
cellular cytotoxicity (20, 24, 25). These cells are specifically re-
cruited to sites of inflammation (25), which might explain field
findings of reduced circulating CD16 mDC frequencies during
more-prolonged infection in areas of endemicity (16).
Expression of the glycolipid-presenting molecule CD1c on
APC subsets is increased during CHMI. While all four DC sub-
sets were mutually distinct at baseline (Fig. 3A and B and data not
shown), CD1c expression during blood-stage parasitemia was up-
regulated not only in monocytes and CD1c mDCs but also in
CD16 mDC and pDC subsets (Fig. 3A, C, and D) (on the DT,
classical monocytes, P  0.001; intermediate monocytes, P 
0.001; CD16mDCs, P 0.01; CD1cmDCs, P 0.001; and pDCs,
P  0.01; at DT 3; all five subsets, P  0.001). Of note, CD1c
expression in the pDC subsetwas almost absent at baseline and the
increase during infection was only marginal. BDCA-3 mDCs
showed no change in CD1c expression. CD1c expression returned
to baseline values at C 35 for all cell types. Although we found
significant correlations between peak parasitemia and CD1c ex-
pression on several APC subsets on the DT and/or DT3, the R2
FIG 1 Antigen-presenting-cell (APC) gating strategy. (A) Single, viable PBMCs positive for HLA-DR and negative for the lineage markers CD3, CD19, and
CD56. FSC, forward scatter; SSC, side scatter. (B) HLA-DR CD3 CD19 PBMCs were distinguished into CD14 monocytes and CD14 APCs. (C)
Monocytes were subdivided based onCD16 expression intoCD14CD16 classicalmonocytes (I) andCD14CD16 intermediatemonocytes (II). (D)CD14
APCs were gated based on CD16 expression to distinguish CD14 CD16 myeoloid dendritic cells (DCs) (III) (CD16 mDCs). (E) CD14 CD16 APCs were
further subdivided into CD14 CD16 CD1c (IV) (type 1 myeloid DC [CD1c mDCs], also known as BDCA1 mDCs), CD14 CD16 BDCA3 (V) (type 2
mDCs or BDCA3 mDCs), and CD14 CD16 BDCA2 (VI) (plasmacytoid DCs [pDCs]).
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FIG 2 Kinetics of APC subset frequencies and expression of activation markers during and after CHMI. (A) Kinetics of APC subset frequency (percent-
ages of viable PBMCs). (B) Kinetics of HLA-DR expression (geometric mean fluorescence intensity [MFI]) of the six APC subsets. (C) Kinetics of CD86
expression (MFI) of the six APC subsets. Data are presented for each individual donor (gray dots) and as means (n 15) with standard errors of the means
(SEM) (black error bars). *, P 0.05; **, P 0.01; ***, P 0.001 (one-way ANOVA with Dunnett’s post hoc test compared to baseline [C1]). Inclusion
of the outlier (black square) in the CD1c mDC frequency in the statistical analysis renders the increase on the DT significant. C, challenge; DT, day of
treatment.
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was always0.5 (data not shown), indicative of only weak corre-
lations between parasitemia and CD1c expression. Nevertheless,
induction of CD1c expression was clearly linked to exposure to
blood-stage parasites, since no such upregulation was seen in vol-
unteers who remained TS and PCR negative after CHMI (see Fig.
S3A in the supplemental material).
CD1c was originally described as presenting mycobacterial
glycophospholipids (26), synergizes with CD1d in -galacto-
sylceramide presentation to NK-T cells expressing an invariant
T-cell receptor (TCR) (27), and is able to present a diverse
range of ligands to 	T or T cells (28). The latter are acti-
vated and expanded during controlled and natural malaria in-
fection (19, 29), and schizont-stimulated pDCs are able to ac-
tivate T cells (10). The degree to which this expansion and
activation of T cells may be related to altered expression of
CD1c on APCs remains to be investigated. It is further un-
known which glycophospholipids of the malaria parasite or
human erythrocytes are presented by CD1c. However, a subset
of T cells has been identified that recognizes CD1c indepen-
dently of foreign lipid or glycolipid antigens (30). Therefore,
parasite-induced upregulation of CD1c (presenting self-lipids)
might be sufficient to activate T cells without the need for
malaria antigen processing and presentation, circumventing
potential inhibition of this presentation. The early upregula-
tion of CD1c expression might be specifically responsible for
initiating the cascade of the early activation and expansion of
the T-cell compartment and therefore the early production
of gamma interferon (IFN-) (19), leading to further activa-
tion of 	T cells (30) and the induction of memory responses.
We found that the increased expression of CD1c on APCs dur-
ing blood-stage infection is most pronounced on monocytes,
CD16 mDCs, and CD1c mDCs (Fig. 3D and panels I to iv). For
monocytes, this was shown previously in thalassemia B patients
(31). To our knowledge, however, induction of CD1c expression
on CD16 mDCs either during inflammation or in other disease
settings has not been described before. Generally, CD16-positive
blood DCs are described as phenotypically and functionally dis-
tinct and as not overlapping other myeloid blood DCs, based on
detailed analysis in noninflammatory circumstances (2–4). One
study in healthy individuals, however, described a subset of DC-
specific intercellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN)-expressing DCs, 50% of which also expressed CD16
as well as low levels of CD1c (32). Other studies exploring DC
populations in healthy volunteers or during in vivo infection or
inflammation determined only CD1c and CD16 expression in
separated gating strategies (15, 33). In bacteriologically confirmed
TB patients, no upregulation of CD1c in CD14 CD16 cells oc-
curred (34). Whether the upregulation of CD1c in CD16mDCs is
malaria specific or rather a general feature of activation of CD16
mDCs in certain infections remains to be investigated.
APC subsets show temporarily increased expression of
FcIII receptor CD16 during CHMI.Not only CD1c but also the
FcIII receptor CD16 was significantly upregulated on classical
and intermediate monocytes as well as CD16 mDCs during peak
activation (Fig. 3E and F). Again, no such upregulationwas seen in
volunteers who remained TS and PCR negative after CHMI (see
Fig. S3B in the supplemental material). CD1cmDCs (Fig. 3B) and
BDCA-2 pDCs (data not shown), defined as CD16 negative at
baseline, also showed upregulation of CD16, albeit only verymar-
ginal upregulation, and therefore did not merge into the CD16
DC subset. Whether this only very slight induction of CD16 ex-
pression on CD1c mDCs and pDCs can have any functional rele-
vance remains to be determined. CD16 binds immune complexes,
and the binding triggers effector functions such as phagocytosis
and proinflammatory cytokine secretion (35). Immune com-
plexes are formed particularly during episodes of severemalaria, a
condition associated with higher frequencies of CD16 mono-
cytes (36). Moreover, following malaria infection, elevated CD16
expression on monocytes is associated with enhanced TNF pro-
duction, as well as with a reduced hemoglobin level (36). This
suggests that CD16 cross-linking by malaria-induced immune
complexes can trigger inflammatory responses and erythrophago-
cytosis. Our findings warrant future studies into the effect of tem-
porarily increased CD16 expression, particularly on monocytes
and inflammatory CD16 mDCs, even during uncomplicated,
early malaria infection, on downstream immune responses. In-
creased capture of immune complex-associated antigens might,
for instance, enhance antigen presentation (20). The recovery of
baseline CD16 expression levels on APCs after convalescence ob-
served after CHMI would be consistent with shedding of CD16
upon maturation, as shown for CD16 slanDCs (25).
Finally, our findings highlight the importance of careful phe-
notypic analysis of DC subsets in circumstances of immune acti-
vation. CD16 and CD1c define two functionally separate sub-
classes of DCs that are phenotypically distinct under steady-state
conditions (2, 3).When cells are activated, however, bothmarkers
can be upregulated on both subsets. Classification of activated
DCs as defined under noninflammatory circumstances may
therefore lead tomisinterpretation of the results of direct compar-
isons of noninflammatory and inflammatory time points. The
strong upregulation of CD1c expression, particularly on CD16
mDCs, the only DC subset showing activation marker expression
during CHMI, highlights the need to include CD16 as a marker in
assessing differentDC subsets during immune activation, to avoid
assigning phenotypic changes or functional features to the wrong
DC subset.
Concluding remarks. In conclusion, we show that monocytes
and inflammatory CD16 mDCs are activated upon exposure to
the blood-stage malaria parasite and that these APCs upregulate
expression of CD16 and CD1c upon malaria infection in vivo.
These data warrant future studies to examine whether potentially
increased antigen capture inmonocytes and a specializedDC sub-
set, as well as enhanced glycolipid antigen presentation in addition
FIG 3 CD1c andCD16 expression onAPCs during CHMI. (A and B) Representative plots showing CD1c andCD16 expression onCD16mDCs (black dots) (A)
or CD1c mDCs (black dots) (B) at baseline (C1) and peak activation (DT3). Gray dots in panels A and B show all DCs. (C) Expression of CD1c on APC
subsets. (D) Expression (geometric mean fluorescence intensity [MFI]) of CD1c on APC subsets over time. (E) CD16 expression on APC subsets. (F) Expression
(MFI) of CD16 on APC subsets over time. Panels C and E show representative histogram plots from one donor at baseline (gray) and DT3 (bold line). Data
in panels D and F are presented for each individual donor (gray dots) and asmeans (n 15) with SEM (black error bars).*, P 0.05; **, P 0.01; ***, P 0.001
(one-way ANOVA with Dunnett’s post hoc test compared to baseline [C1]). C, challenge; DT, day of treatment.
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to the classical MHC-II peptide presentation, might contribute to
the initiation of T-cell responses in malaria.
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